We have designed and utilized a bacterial complementation system to identify and characterize mammalian DNA polymerase ,B mutants. In this complementation system, wild-type rat DNA polymerase (3 replaces both the replicative and repair functions of DNA polymerase I in the Escherichia coli recA718 polA12 double mutant; our 263 DNA polymerase .3 mutants replace E. coli polymerase I less efficiently or not at all. Of the 10 mutants that have been shown to contain DNA sequence alterations, 2 exhibit a split phenotype with respect to complementation of the growth defect and methylmethanesulfonate sensitivity of the double mutant; one is a null mutant. The mutants possessing a split phenotype contain amino acid residue alterations within a putative nucleotide binding site of DNA polymerase ,B. This approach for the isolation and evaluation of mutants of a mammalian DNA polymerase in E. coli may ultimately lead to a better understanding of the mechanism of action of this enzyme and to precisely defining its role in vertebrate cells.
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Our understanding of the physiologic functions and catalytic mechanisms of prokaryotic DNA polymerases (Pols) has depended upon the availability of mutant enzymes (1) . For example, the phenotypic, biochemical, and physical characterization of mutants of Escherichia coli DNA Pol I has facilitated the identification of amino acid residues involved in catalysis and elucidation of the roles of Pol I in DNA replication and repair (2) . Analysis of Pol I mutations in E. coli strains bearing multiple genetic lesions has allowed detailed dissection of Pol I function (3) .
Direct selection of mammalian DNA Pol mutants is difficult and has been limited to chromosome X-linked mutations of mouse DNA Pol a (4, 5) . Only a few rationally designed mammalian DNA Pol mutants are available, and these are altered at residues that share putative homology with other DNA Pols (6, 7) . We introduce here a method for isolation and characterization of mammalian DNA Pol mutants, based on the ability of a wild-type mammalian DNA Pol to substitute for a defective host Pol within bacterial cells (8) . Our approach exploits functional complementation to create a collection of mutant mammalian DNA Pols whose structural and catalytic properties, assessed in vivo, can be correlated with defined capabilities in vitro. The method affords, in an alternate host, a phenotypic analysis of mutant enzymes otherwise precluded by lack of mutant mammalian cells.
The mammalian enzyme we have employed is DNA Pol (3, a 38-kDa protein and the smallest DNA Pol known (9) . Pol (8 has been considered to be the primary catalyst for DNA repair synthesis in vertebrate cells (8) . However, Pol P may also function in DNA replication, because it is essential for the conversion of single-stranded to double-stranded DNA in Xenopus extracts (10) and because it can substitute for Pol I in E. coli, where it catalyzes the joining of Okazaki fragments (8) .
In our complementation system, wild-type rat Pol P replaces both replicative and repair functions of DNA Pol I in the E. coli recA718 polA12 double mutant. We have mutagenized in vitro the cDNA for Pol , and used this complementation system to identify and characterize Pol ( mutants that are less efficient in substituting for Pol I in either or both of these functions. Structural and phenotypic analysis of these mutant Pols should lead to better understanding of the catalytic mechanisms and physiologic roles of Pol ,B in mammalian cells.
MATERIALS AND METHODS Bacterial Strains and Media. Strain SC18-12 is derived from E. coli B/r and has the genotype recA718 polA12 uvrA155 trpE65 lon-li sulAl (11) . It was used in the screening of the cDNA library of Pol P mutants. Minimal medium (ET) was E medium (12) supplemented with 0.4% glucose and tryptophan (20 ,ug/ml). CAA medium was ET supplemented with various levels (0.01-0.4%) of vitamin-free Casamino acids (Difco). Transformants were selected on LB agar supplemented with chloramphenicol (30 ,ug/ml). Rich medium was nutrient agar composed of Difco nutrient agar containing NaCl (4 g/liter). Nutrient broth was prepared according to directions from Difco.
Construction of the Library of Pol 13 Mutants. The Pol (3 rat cDNA was kindly provided by S. H. Wilson (University of Texas, Galveston), and plasmid vector pHSG576 (13) was provided by T. Hashimoto-Gotoh (National Institute of Health, Tokyo). The rat Pol ( cDNA was subcloned from p,B (8) into pHSG576 to create pf3L. This construct placed the cDNA under regulation of the lac promoter, rendering its expression inducible upon the addition of isopropyl f-Dthiogalactopyranoside (IPTG) to the growth medium. The plasmid p,3L is present at around five copies per cell due to its pSC101 origin of replication (13) .
The cDNA for Pol ( was treated with nitrous acid and then reconstructed to restrict mutations to the 3'-terminal 248 nt.
The entire Pol 3 cDNA was amplified from the plasmid ppL using the PCR with the M13(-48) reverse sequencing primer that is complementary to bases 5' to the Pol , cDNA and the M13 (-20) universal primer that hybridizes to residues 3' to the Pol P cDNA (13) . The amplified DNA was ethanolprecipitated and dissolved in 40 ,ul of 250 mM sodium acetate (pH 4.3) containing 1 M sodium nitrite and incubated at room temperature for 30 min. These conditions were chosen to yield -1 altered residue per 500 bp (14) . After treatment, the damaged DNA was used as the template in the PCR with the 3' universal primer and the internal primer 577+, with the sequence 5'-GCTGGATCCTGAGTACATCG-3'. The A total of 1186 SC18-12 transformants were screened for their ability to grow at low plating density on both minimal medium containing MMS and rich medium at 42°C. Of the 1186 transformants, 263 were unable to grow on rich medium or on MMS-containing medium, or both, in the presence and absence of IPTG, and were designated as putative mutants. The phenotype of all the mutants was further assessed by streaking each mutant on gradient plates with minimal medium containing 0-0.04% MMS and on gradient plates with rich medium composed of minimal medium with 0-0.4% Casamino acids, all with IPTG (results not shown). Two phenotypes were identified. Fiftysix of 263 mutants displayed a null phenotype, failing to complement the growth defect of the SC18-12 strain on both minimal medium with MMS or on rich medium. The remaining 207 mutants exhibited a split phenotype and grew on minimal medium containing 0.04% MMS and IPTG but not on medium containing high levels of Casamino acids with IPTG. DNA sequence analysis of 10 of the mutants confirmed that the mutant phenotypes resulted from single-base substitution mutations in the mutagenized coding sequence of the Pol ,3 cDNA. The in vivo characterization of 3 of these Pol ,B mutants, 1 with a null phenotype (pbLN-1) and 2 with split phenotypes (pbLSP-1 and pbLSP-2), is presented below.
Characterization of the Mutants on Rich Medium. The ability of wild-type Pol 8 to promote growth of the SC18-12 double mutant on rich medium is associated with its ability to increase the rate of joining of Okazaki fragments (8) . To quantitate this complementation function, we measured plating efficiency on semienriched medium (CAA) containing increasing concentration of Casamino acids. The plating efficiency assay assesses the ability of Pol 83 mutants to promote growth of single colonies under increasingly rigorous conditions and permits detection of even weak complementation (Table 1) . Bacteria containing the pHSG576 plas- mid, our negative control, grew on minimal medium in the presence and absence of IPTG but were highly sensitive to the growth inhibitory effects of 0.01% Casamino acids, the lowest concentration tested. Bacterial harboring p(3LN-1, the null plasmid, exhibited only limited growth on minimal medium in the absence of IPTG and growth was inhibited by minimal amounts of Casamino acids in the presence of IPTG. p,BL, the wild-type Pol ( plasmid, was able to promote growth of the SC18-12 tester strain on medium containing IPTG with up to 0.08% Casamino acids or even 0.4% Casamino acids (data not shown). Bacteria containing either of the active mutant plasmids, p,BLSP-1 and p(BLSP-2, presented an intermediate phenotype; they grew on medium containing IPTG and low levels of Casamino acids, but not on medium with higher levels of Casamino acids. Moreover, these two mutants were quantitatively distinguishable, the p(3LSP-1 plasmid conferring higher plating efficiency than p(3LSP-2 at all concentrations of Casamino acids tested in Table 1 .
Characterization ofthe Mutants on MMS. We also analyzed our mutants with respect to their ability to confer resistance to MMS. Bacteria that contain a nonfunctional DNA Pol I were unable to grow in the presence of 0.04% MMS (Fig. 1) . This is considered to be due to the inability of DNA Pols II and III to fill the single-stranded gap created by removal of the methylated base by the sequential action of DNA glycosylase and apurinic endonuclease (1). Fig. 2 is a photograph of a Western blot of proteins prepared from extracts containing the various plasmids and from purified rat liver Pol (3. Visualization of purified Pol (3 using affinity-purified Pol (3 antisera yielded two bands corresponding to 38 kDa and a commonly observed 31-kDa proteolytic product. Two amounts of protein were analyzed from extracts ofE. coli containing N-1, SP-2, SP-1, or the WT plasmid. No significant differences were noted in the amount of immunoreactive protein that migrated coincidently with Pol (3. In contrast, no immunoreactive band corresponding to the size of highly purified Pol (3was detected in extracts from the SC18-12 strain containing the plasmid lacking Pol 3. It should be noted that an extract prepared from the SC18-12 strain containing p(3LN-1 also contained a protein band comigrating with Pol (3. results in the substitution ofa polar residue for a nonpolar one and could lead to a change in the tertiary structure of the protein or weaken the interaction of Pol 8 with DNA. Each of these changes must be examined separately to make any conclusions regarding the function of these residues. The amino acid alteration of the p,BLSP-2 mutant is also in a proposed nucleotide binding domain. Lys 288 could interact with the phosphate moiety of the nucleotide; a change to glutamic acid would disrupt electrostatic interaction. However, since this enzyme functions in vivo, the residues at this site might not be necessary for catalysis or to maintain the tertiary structure of the protein. The null mutant contains a serine residue in place of phenylalanine that results in a more polar character and a greatly decreased size ofthe side chain.
We have taken an approach for the isolation and evaluation of mutants of a mammalian DNA Pol, employing the power of bacterial genetics. A library of partially functional Pol (3 mutants will allow the identification of important catalytic residues in the active site of the enzyme and will ultimately lead to a better understanding of the mechanism of action of this enzyme and to precisely defining its role in vertebrate cells.
